ABSTRACT: Biluminescent organic emitters show simultaneous fluorescence and phosphorescence at room temperature. So far, the optimization of the room-temperature phosphorescence in these materials has drawn the attention of research. However, the continuous-wave operation of these emitters will consequently turn them into systems with vastly imbalanced singlet and triplet populations, which is due to the respective excited-state lifetimes. This study reports on the exciton dynamics of the biluminophore NPB (N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1-biphenyl)-4,4-diamine). In the extreme case, the singlet and triplet exciton lifetimes stretch from 3 ns to 300 ms, respectively. Through sample engineering and oxygen quenching experiments, the triplet exciton density can be controlled over several orders of magnitude, allowing us to study exciton interactions between singlet and triplet manifolds. The results show that singlet−triplet annihilation reduces the overall biluminescence efficiency already at moderate excitation levels. Additionally, the presented system represents an illustrative role model to study excitonic effects in organic materials.
■ INTRODUCTION
The electronic properties of organic molecules are characterized by distinct spin manifolds as a consequence of joint effects of highly localized excitations and, compared with inorganic materials, low dielectric constants. 1 The results are typical energetic splitting of first singlet and triplet excited states, respectively, on the order of a few hundred millielectronvolts. 1 Organic molecules typically only show efficient fluorescence, that is, the emission from the singlet state, as it is an allowed transition. 2 On the contrary, the transition strength from the triplet state to ground state under emission of a photon (phosphorescence) is extremely weak because it is quantum mechanically forbidden, requiring the participating electron to undergo a spin flip. 2 In the vast of organic molecules, a low rate of radiative transition in the triplet manifold remains due to weak coupling; however, it is outcompeted by nonradiative recombination at room temperature. As a consequence, the triplet state in organic molecules is typically considered a "dark" state. Still, phosphorescence of organic molecules can be achieved by two means (cf. Figure 1a ): (i) enhancement of the radiative phosphorescence rate k r,P to outcompete the nonradiative channel k nr,P or (ii) suppress k nr,P in favor of a dominating k r,P . The first route is followed in a concerted way for the development of phosphorescent emitters for organic lightemitting diodes (OLEDs), owing to the fact that ∼75% of the formed excitons are born as triplets. 3 Here heavy metal atoms are incorporated in the core of a molecular structure to enhance k r,P due to strong spin−orbit coupling (SOC). 4 A weaker version of the same strategy is the increase in k r,P , making use of SOC induced by a metal atom in the vicinity of the emitter (external heavy atom effect). 5 Furthermore, special molecular designs can equally be in favor of a moderately enhanced phosphorescence rate. 6−8 Route (ii) is most effectively realized by incorporating the emitter molecules at low concentration in rigid polymer hosts 9 or alternative matrices 10 in addition to engineering the molecular packing to effectively restrict the intramolecular motions by the intermolecular interactions of the molecules in crystal phase. 11−14 Such room-temperature phosphorescence (RTP) from purely organic molecules has attracted much attention recently 15−20 because the persistent nature of the phosphorescence is a unique luminescence feature allowing for various novel applications. 21, 22 In all studies to date, the sole focus has been put on the enhancement of the phosphorescence of organic molecules. However, light is emitted in such systems from both their singlet (fluorescence) and triplet excited states (Figure 1a,b) , which is due to a competition of k ISC , k r,F , and k nr,F (i.e., intersystem crossing, fluorescence radiative, and nonradiative rates). Principally, because the oscillator strength is much larger in the singlet manifold, excitation of the molecules is almost exclusively realized via absorption to singlet states (S 0 → S 1 ). This biluminescence, or dual-state emission, can be efficient for any given mixing ratio between fluorescence and phosphorescence if both k r,F ≫ k nr,F and k r,P ≫ k nr,P . Essentially, the typical lifetimes of fluorescence (nanoseconds) and phosphorescence (milliseconds to seconds) differ greatly with direct influence on the overall population of the molecules. Of course, these novel emitters are of particular interest for potential applications because their luminescence characteristics can be retained at room temperature.
■ EXPERIMENTAL SECTION
The studies were carried out on thin films deposited either by spin coating (sc) or thermal evaporation in ultrahigh vacuum, respectively. The biluminescent emitter is NPB (N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1-biphenyl)-4,4-diamine) (Lumtec), which is dispersed into either the polymer host PMMA (Alfa Aesar) or the small-molecule host TCTA (Lumtec). PMMA was used as received, and TCTA and NPB were purified by vacuum train sublimation twice before use. Solvent polarity and dilution level were optimized for the wet processing of the small-molecule host system (TCTA) to obtain homogeneous solutions and films. 23 Here all materials were dissolved in methoxybenzene (Anisol, purity 99.7%) at concentrations of 80, 40, and 10 mg/mL for PMMA, TCTA, and NPB, respectively. Quartz substrates were cleaned based on the following sequence: 15 min treatment in ultrasonic bath (UB 15 ) in DIW and soap; rinsing with DIW; UB 15 in ethanol, UB 15 in IPA, and finally 10 min of O 2 plasma after drying with nitrogen. For the spin-coated films, NPB is embedded at a concentration of 2 wt % onto the host (PMMA or TCTA). Such dilutions are spin-coated from a methoxybenzene solution onto glass substrates (1″ by 1″ by 1 mm) at a spin speed of 2000 rpm (1000 rpm/s ramp) for 60 s.
Thermal evaporated films were formed by coevaporation of TCTA and NPB on an unheated quartz glass substrate using an ultrahigh vacuum deposition system (Kurt J. Lesker Company) at a deposition rate of 0.8 A/s under a pressure below 3 × 10 −7 mbar. The target concentration was 2 wt % as well to match the solution-processed samples.
PL measurements were performed under a nitrogen atmosphere (N 2 6.0, purity 99.9999%) and ambient conditions (air) at room temperature. For the acquisition of time-resolved phosphorescence and emission spectra data, a customized setup was used, where nitrogen is flowing continuously in a sample box to guarantee an inert atmosphere during measurements. PL spectra were recorded with a spectrometer (CAS 140CTS, Instrument Systems) and the LED (M365L2, λ max = 365 nm, Thorlabs) operating in continuous-wave (cw) mode to obtain the integrated spectrum. The LED was driven by a T-Cube LED driver (LEDD1B, Thorlabs), and a band-pass filter (FB370-10, Thorlabs) was placed in front of the LED to avoid an overlap between excitation and emission spectra. Phosphorescence spectra were collected with the same instruments with the addition of the pulse generator (Keysight (Agilent) Technologies 8114A) to separate phosphorescence from fluorescence in a time-gated scheme. Therefore, a pulse train The Journal of Physical Chemistry C Article of 500 ms LED-on and 500 ms LED-off was generated by the pulse generator. The spectrometer was triggered with a delay of 20 ms to the falling edge of the LED-on pulse and integrated for 450 ms, while the excitation source was off, assuring no detection of the next pulse. The spectrometer CAS 140CTS was gated to 20 ms integration windows to resolve the PL during a 500 ms long pump pulse of the UV LED. These windows were started with different delays (0, 50, ..., 450 ms) to the beginning of the pump pulse. The time-resolved PL intensity of a complete duty cycle was recorded with a switchable gain silicon photodetector (PDA100A, Thorlabs).
The time-resolved PL setup to measure the fluorescence and phosphorescence lifetimes consisted of a time-correlated singlephoton-counting (TCSPC) system (TimeHarp 260 PICO, Picoquant). The excitation source was a pulsed diode laser PDL 820 with a 374 nm laser head running at 40 MHz repetition rate. A single photon-sensitive PMA hybrid was used for detection. The count rate was adjusted to <1% of the laser rate to prevent pile-up. Data acquisition was set to a resolution of 0.2 ns to record the prompt fluorescence lifetime and 1.3 ms for the phosphorescence lifetime. Phosphorescence decays were recorded following a high repetition (80 MHz) burst excitation composed of many subnanosecond pulses (λ ex = 374 nm), which, for the long phosphorescence lifetime, functions as a high-intensity excitation pulse.
Photoluminescence quantum yield (PLQY) measurements were performed in a customized setup for measurements under a nitrogen atmosphere at oxygen levels below 0.1%. This setup consists of an antistatic glovebox with transfer chamber (SICCO), 6″ integrating sphere (Labsphere) using an LED (M340L4, λ max = 340 nm, Thorlabs) as excitation source driven by the LEDD1B driver (Thorlabs), and a spectrometer (CAS 140CTS, Instrument Systems), following de Mello method 24 for the estimation of the absolute PLQY, and the spectra were corrected for wavelength-dependent instrument sensitivity.
The thin films' morphology was analyzed by X-ray reflectivity (XRR). The mean film density was determined from a 13-point XRR measurement using a Jordan Valley JVX 5200 XRR thinfilm measurement system. The characterization of the vibrational modes was performed using a Nicolet iS 10 FT-IR spectrometer (Thermo Fisher Scientific) in attenuated total reflection (ATR) mode, with a diamond crystal used as window and a 20 nm gold layer underneath the film of interest.
■ RESULTS AND DISCUSSION
In this study, we present an investigation on the interplay between fluorescence and phosphorescence in such organic biluminophores that puts the consequences of the of the more than six orders of magnitude difference between singlet and triplet states into the spotlight. Here we vary the host matrices embedding the archetypical biluminescent emitter NPB (N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1-biphenyl)-4,4-diamine), which allows for a variation of the triplet population under steady-state conditions as a result of a changed k nr,P . Furthermore, we investigate the PL under both nitrogen and ambient (air) environments, where in the latter case, the triplet population is effectively quenched by oxygen. 25 For NPB, we have reported that it shows efficient phosphorescence at room temperature (RTP) in addition to conventional fluorescence.
9 Furthermore, NPB is widely known and used in the field of OLEDs as hole-transporting material, which is why we use it here as an archetypical biluminescent emitter in this study. It is known that the RTP strongly depends on the host material, as it is the latter that represents the interface to nonradiative deactivation pathways. 9, 10 Similar to our previous reports, we use PMMA with triplet energy of 3.1 eV 26 and glass-transition temperature T g of 108°C 27 as a The Journal of Physical Chemistry C Article reference matrix material based on its ability to form rigid glasses, which is beneficial for observation of phosphorescence at room temperature. 9 Additionally, to vary the environment of the emitter NPB and at the same time resemble the high triplet energy requirement and glassy character of the host in a small molecule, we chose the starburst-shaped small-molecule TCTA (4,4′,4″-tris (N-carbazolyl)-triphenylamine) with triplet energy of 2.79 eV 28 and T g of 151°C 29 as an alternative host material. This material choice is further motivated by the possibility to integrate the effect of biluminescence to electroluminescent devices, which has to date only been done using specially designed host materials. 30 Figure 1c shows the chemical structures of all three molecules of this study and also illustrates which processing schemes are used to fabricate the samples. Because of its physical dimensions, the polymer PMMA-based system is only fabricated by wet-processing techniques, while for TCTA, the mixed thin films are processed by spin-coating (sc) and thermal evaporation. All samples are made with the same NPB concentration of 2 wt % to allow for best comparability. The biluminescence reference system [PMMA:NPB] sc 2 wt % shows oxygen-dependent phosphorescence, with an excited-state lifetime in the range of a few hundred milliseconds (see later discussion for details). The typical fluorescence and phosphorescence emission bands with emission maxima at 425 and 540 nm, respectively, are depicted in the biluminescent spectrum plotted in Figure 1b . Figure 2a shows the time-resolved fluorescence and phosphorescence of all samples, which were acquired in the respective time window needed. The corresponding fluorescence and phosphorescence emission bands are plotted for all samples in Figure 2b . The phosphorescence band is detected after the excitation pulse is turned off. All decay curves deviate from monoexponential decay. Therefore, the transient intensities I are fitted with a biexponential decay of the following form (cf. Figure S1 )
where A 1 and A 2 are the relative contributions of the individual decays with lifetimes τ 1 and τ 2 , respectively. A bg is a constant offset that describes the instrument background intensity. It is used in fit calculations, if reached within the time window.
Deviation from monoexponential decay, as observed here for all systems, has been reported before for similar systems. 
The change in phosphorescence lifetime cannot be caused by an alteration in the radiative rate k r,P , simply because the different chosen environments cannot introduce a coupling strong enough to influence the phosphorescence transition strength because neither PMMA nor TCTA contains elements such as metals or halogens atoms that can enhance SOC or induce heavy atom effect to the NPB molecules. Therefore, the nonradiative rate k nr,P must be responsible for the observed changes of the phosphorescence lifetime. Here, in general, various mechanisms exist that possibly contribute to this rate. While vibrational deactivation k vib is considered to be the primary cause, 32 higher order effects like triplet−triplet annihilation (TTA), or even quenching at static impurity sites with a rate k imp can easily add to an effective nonradiative rate. The coefficient rate for TTA (k TTA ) depends on the actual interaction partner concentration
While the intermolecular forces for small molecules are the same as for polymers (i.e., van der Waals forces), polymer molecules are large systems, where the magnitude of their intermolecular forces can exceed those between small molecules. 33 Therefore, a polymer matrix like PMMA brings higher rigidity to embedded NPB molecules, which, in turn, suppresses nonradiative deactivation. 9, 10, 34 For the difference between the two TCTA-based systems (sc and evap), we can only speculate in this stage. It is possible that the formation through spin-coating, being a highly nonequilibrium process, induces mechanical constraints to the system that similarly Figure S5 for details of PLQY determination).
i Nitrogen-to-air fluorescence intensity maxima ratio.
j Nitrogen-to-air total integrated intensity ratio.
The Journal of Physical Chemistry C Article introduces rigidity to the film that suppresses nonradiative channels. In contrast, the fabrication via thermal evaporation will allow the molecules to find their energetically most favorable conformation within the mixed film, which leads to a softer packing allowing for more nonradiative modes. We have investigated these systems systematically with X-ray diffraction and Fourier-transform infrared spectroscopy (cf. Figure S2 ) to possibly identify differences in the constitution of the different samples that may hint to the arguments from above. However, we did not observe significant differences. All samples are amorphous, allowing us to exclude effects of crystal formation to affect our observations, which is an alternative route to enhance RTP. 35−37 We have observed delayed fluorescence as a result of TTA. Here the large singlet−triplet energy splitting of NPB (∼0.6 eV 38 ) rules out up-conversion via thermally activation, which can only overcome barriers of <0.37 eV.
39
TTA-mediated delayed fluorescence has been previously reported only for organic crystals exhibiting RTP 40 as a side effect of the proximity between molecules and formation of agglomerates. In the three biluminescent systems, TTA is strongest for the [TCTA:NPB] evap samples, which is monitored through delayed fluorescence (cf. Figure S3 ). For the remaining discussion, we consider nonradiative losses as one effective rate k nr,P , as given in eq 4, influencing the phosphorescent lifetime τ p , knowing that it, strictly seen, is a quantity that decreases during the excited-state decay if TTA is significant.
Possible applications making use of biluminescence such as optical sensing do require operation in quasi-cw regime to allow the phosphorescence intensity to build up properly. Here quasicw is understood as a scenario where the pump duration is on the same order of magnitude as the triplet state lifetime τ p . For a molecule similar to NPB, namely, (BzP)PB [N,N′-bis(4-benzoyl-phenyl)-N,N′-diphenyl-benzidine], we have already observed a decrease in the integrated luminescence, that is, fluorescence and phosphorescence, during a quasi-cw excitation pulse. 31 While appointing this effect to singlet-triplet annihilation (STA) with a coefficient rate k STA , 41 we did not investigate this effect further. 31 This important interplay between the two luminescent states will be discussed in the following. The strength of STA is proportional to both singlet n S and triplet exciton densities n T 41
With the three systems discussed above having distinctively different triplet lifetimes τ p (cf . Table 1) , the magnitude of STA should also vary between the samples, as the triplet exciton density n T scales with the lifetime τ p . To reduce STA to an absolute minimum, we performed additional measurements (transient and quasi-cw) in an ambient environment (air), making use of the fact that oxygen very effectively quenches the triplet states with a rate k q,O 2 . 25, 32 Hence, under the presence of oxygen, eq 3 becomes Figure 3 shows the fluorescence (a) and phosphorescence (b) decays following a pulsed excitation for all three systems. The fluorescence shows no differences between nitrogen and air measurements. This result with the additional information that all three systems show slightly different fluorescence decays (cf. Figure 2a and Table 1 ) leads to the conclusion that none of the three involved rates, that is, k r,F , k nr,F , and k ISC , are altered by the presence of oxygen. In contrast, the phosphorescence decays of all samples are much faster in air compared with the measurement in a nitrogen atmosphere as a result of an effective k q . Interestingly, all three transients in air show very similar time constants showing some residual radiative contribution giving rise to τ p ≈ 10 ms (cf. Table 1 ). This suggests that the oxygen quenching is strong but not completely outcompeting k r,P . For all samples, the oxygen quenching effectively reduces the triplet density under steadystate conditions by at least one order of magnitude (cf. Table  1 ). Figure 3b) is so weak that it is masked by the low-energy tail of the fluorescence spectrum. The PL spectra in a nitrogen atmosphere show two important differences: (i) the relative phosphorescence intensity scales with the phosphorescence lifetimes, where the reference system [PMMA:NPB] sc shows the highest phosphorescence intensity.
(ii) The fluorescence intensity of all samples decreases with respect to the measurement in air. As mentioned above in the discussion of the time-resolved data, none of the outgoing rates from the S 1 level can be the reason for this observation. Figure  4d shows the ratio between peak fluorescence under nitrogen and air (also cf. Table 1) , showing the strongest reduction for the [PMMA:NPB] sc system (77%) and the weakest one for the [TCTA:NPB] evap (98%), again in agreement with STA scaling with the triplet exciton density n T . Figure 5a shows the PL intensity as a function of time for the [PMMA:NPB] sc reference system during 500 ms on, 500 ms off duty cycle quasi-cw pulse. While the air measurement shows constant intensity during the on-pulse, the corresponding intensity obtained under a nitrogen atmosphere gradually decreases, reaching a steady state close to the off-time. Figure  5b shows the intensity of the fluorescence and phosphorescence as a function of time during the on-pulse, as obtained from spectrally resolved time-gated measurements. Here the fluorescence decreases, while at the same time the phosphorescence increases. For the phosphorescence data points, it is important to note that the spectral integration window (500− 700 nm) accounts not only for the phosphorescence but also for the low-energy tail of the fluorescence band (cf. Figure 4a) . Therefore, the increase in the phosphorescence is counteracted by a fraction of the fluorescence, which decreases with time. A detailed analysis of the phosphorescence during the on-pulse is given in the Supporting Information (cf. Figure S6 ). The increase in phosphorescence and by that the triplet exciton density, n T , is due to the long phosphorescent lifetime τ p ≈ 330 ms of the [PMMA:NPB] sc system. In accordance with eq 4, the singlet exciton density n S , and consequently the fluorescence intensity, will decrease with increasing n T , as excited singlet states are absorbed by excited triplet states with a coefficient rate k STA . This process is an inherent loss channel for the biluminescent system, as singlet exciton energy is dissipated in a
cycle. This is also reflected in the PLQY data of the three systems. While the two systems comprising TCTA as host, which show only minor reductions in fluorescence between air and nitrogen measurement (cf. Figure 4d) Table 1 ). The same trend is observed if we compare the total integrated spectrum in nitrogen and air (cf. Table 1 ). Note that under these circumstances, the PLQY must be considered to be a function of the excitation density, because of STA and other possible nonlinear processes that depend on the density of the involved excitons.
■ CONCLUSIONS
This study discusses the exciton dynamics of the efficient, room-temperature biluminescent emitter NPB. The radiative lifetimes of fluorescence and phosphorescence are in the range of 3 ns and 300 ms, respectively, spanning eight orders of magnitude. This difference in lifetimes puts the biluminescent system in strong imbalance between singlet and triplet exciton densities under cw operation, which can lead to a limitation of the biluminescence efficiency as a result of nonlinear processes. Here STA reduces the fluorescence intensity significantly. By sample engineering, the triplet exciton lifetime can be reduced through an increase in the nonradiative rate k nr,P , which leads to an effectively suppressed STA. Hence, depending on the actual pump intensities that will dictate the exciton densities in both spin manifolds, an upper limit for the phosphorescence lifetime can be deduced until which STA is only of minor effect. Moreover, a convenient and simple method to observe biluminescence from purely organic molecules is demonstrated, in which commercially available small molecules and polymer are mixed to form a biluminescent host−guest system, with no need of complicated material synthesis or functionalization. Our report shows that small-molecule matrix materials, which normally diverge significantly in their nanostructure from polymers, are also capable of promoting biluminescence of purely organic molecules at room temperature.
While for some applications the persistent nature of the RTP is a key feature, other areas of use may exclusively call for highefficiency and broadband, dual-state emission. Future material design for biluminescent or RTP emitters will have a careful optimization of the triplet state's dynamics to be of central importance.
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